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The Thermal Emission Imaging System (THEMIS) on Mars Odyssey has produced infrared to visible wavelength images of the martian surface that show lithologically distinct layers with variable thickness, implying temporal changes in the processes or environments during or after their formation. Kilometer-scale exposures of bedrock are observed; elsewhere airfall dust completely mantles the surface over thousands of square kilometers. Mars has compositional variations at 100-meter scales, for example, an exposure of olivine-rich basalt in the walls of Ganges Chasma. Thermally distinct ejecta facies occur around some craters with variations associated with crater age. Polar observations have identified temporal patches of water frost in the north polar cap. No thermal signatures associated with endogenic heat sources have been identified.
THEMIS began observing the surface and atmosphere of Mars in February 2002 with the use of thermal infrared (IR) multispectral imaging between 6.5 and 15 m and visible to near-IR images from 450 to 850 nm (1) . The unique aspect of this investigation is images of martian temperatures at a resolution of 100 m. The temperatures are related to material properties, such as composition and structural integrity, climate and topography, which in turn are indications of the origin, evolution, and history of the planet [see supporting online material (SOM) Text]. Daytime thermal images incorporate the effects of surface emissivity, reflectance, thermal properties, and slope, whereas nighttime thermal images show predominantly the effects of intrinsic thermal properties. The investigation objectives are to: (i) determine the mineralogy of localized deposits, including hydrothermal or subaqueous environments; (ii) search for thermal anomalies associated with active subsurface hydrothermal systems; (iii) study 100-m scale processes and landing site characteristics using morphologic and thermophysical properties; and (iv) investigate polar cap processes.
Thermophysical properties of layered units. A major result from Mars Global Surveyor (MGS) imaging was the discovery of rock units that are layered at meter to tens of meter scales (2, 3) . A major result from the THEMIS IR camera is the discovery that the physical and compositional properties of these layers can vary, implying temporal changes in the processes or environments that formed the different units. A key element of this discovery is the exposure at the surface of materials that directly reflect the properties of the underlying rock unit from which they were derived.
Some of the best examples of thermally distinct units occur in Terra Meridiani ( Fig. 1) (4) . These units vary from kilometer-scale deposits within 5-to 50-km-diameter craters, to regional layered surfaces extending tens to hundreds of kilometers. Isolated outliers with similar thermal characteristics may be erosional remnants of once-continuous layers. Temperature contrast reversals from day to night (Fig. 1; fig. S1 ) indicate that the primary differences are due to differences in thermal inertia (SOM Text) (5, 6) .
Eight thermal inertia units (A to H) have been identified (Fig. 1) . Units A, C, E, and F are extensive enough (Ͼ 50 km by 50 km in size) to be well characterized in Thermal Emission Spectrometer (TES) global thermal inertia maps (7) . The TES-derived values of thermal inertia (I) for units A, C, E, and F are 280 to 340, 530 to 580, 330 to 360, and 340 to 350 J m Ϫ2 sec Ϫ1/2 K Ϫ1 , respectively ( physical units of I are omitted hereafter). Thermal inertia mapping of coherent units that are below the size resolvable by TES can be accomplished by modeling temperature differences relative to the temperature of materials of known inertia (6) (7) (8) . These models show that the thermal inertia of the small Meridiani units are: Unit B, 350 to 400; Unit D, ϳ450; Unit G, ϳ375; and Unit H, ϳ550. Units A, C, and F are widespread and correspond to units mapped as "Plains" (P), "Etched" (E), and "Dissected Crater Terrain" (DCT), respectively (9) .
Unit B (Fig. 2) is rich in crystalline hematite (10) . It is thermally distinct from the surface on which it was deposited, and it shows layering, muted craters, and an erosional pattern suggestive of loosely consolidated material. Stratigraphic relations observed in the THEMIS images show that Unit B is on top of Unit C, which is on top of Unit F (Fig. 1) . To the west, a sequence has been exposed by erosion, revealing a sequence stratigraphically downward from Unit C to Unit E (Fig. 1) .
If we assume that the surface materials reflect the particle size distribution of the underlying unit from which they were derived (i.e., no winnowing or concentration has occurred) and are unconsolidated to a depth of several diurnal thermal skin depths (ϳ5 to 20 cm), then the average particle size of the units in Meridiani range from ϳ1 mm for the lowest inertia units to ϳ1 cm for the high-inertia units (11) . Alternatively, the differences in inertia can be caused by the abundance of larger rocks or blocky debris weathered from the different units. Assuming a constant I ϭ 300 for fine-grained material and I ϭ 1200 for blocks (12) , the block abundances would range from 0 (lowest I) to 30% (highest I) for the Meridiani units.
The exposure of different layers within the stratigraphic section, together with the existence of outliers of once-continuous units, indicates that extensive erosion occurred within the Meridiani region after the initial deposition of the different rock units. In addition, the differences in the physical properties of these units indicate that there were changes in processes or environ-ments during or after their emplacement. Likely causes are: (i) differences in density and porosity between igneous and clastic sedimentary materials or among igneous materials, (ii) variations in particle size and sorting among different sedimentary deposits, and (iii) variations in the degree of lithification or cementation among initially similar clastic or pyroclastic materials. Igneous flows, intrusive bodies, or welded tephra deposits have a relatively high I due to high density and thermal conductivity, whereas some pyroclastic deposits ( particularly airfall units) have relatively low I. No obvious volcanic flow textures or vent structures are visible in this region, although ridge morphologies commonly associated with compression in volcanic plains are apparent on Unit F. Mars has a variety of sedimentary deposits, including those associated with impact cratering, catastrophic floods, debris flows, landslides, and aeolian traction, saltation, and suspension. Differences in sediment supply, entrainment, or deposition in such flows could result in clastic sediments that range in particle size from meters to micrometers, which would then be represented by changes in the physical properties of deposits. Finally, the rhythmic variation in the competency of layered sedimentary rocks (2, 3) indicates that variations in the degree of lithification by burial or cementation by porecirculating fluids have occurred. The Meridiani units may have been compacted beneath a kilometer or more of overburden that has since been removed (13) . Cementation by subsurface aqueous fluids has been proposed to explain both observed hematite mineralization (10) and secondary mineralization in the martian meteorites (e.g., 14).
Rocks and bedrock. THEMIS infrared images have revealed the occurrence of kilometerscale outcrops of exposed bedrock. The floor of the Nili Patera caldera (9°N, 67°E) has nighttime surface brightness temperatures of 215 to 217 K over an ϳ30 km 2 area (Fig. 3 ). Thermal models using the appropriate local time (3.25 hours; 24 hours equal one martian day), season [aerocentric longitude (Ls) 333.5°, orbit 903], location, elevation (0.2 km), and infrared dust opacity (0.15) predict temperatures of 218 K for a thermal inertia corresponding to solid rock (I ϭ 2200), indicating that these portions of the caldera floor are exposed bedrock. Dark barchan dunes, which form through sand transport across a hard surface where a source of sand is limited, are superimposed on this bedrock surface ( fig.  S2 ). Sand transport across this region may have stripped away fine-grained particles to expose the bedrock surface. The temperature of the dunes is 192 Ϯ 1 K, corresponding to I ϭ ϳ400. This inertia equates to an average grain size of Ͼ1 mm (11) ; alternatively, these dunes may be finer-grained, inactive sand that is slightly crusted or indurated.
Rock surfaces are also observed near the mouth of Ares Valles (ϳ22°N, ϳ324°E) about 250 km downstream of the Pathfinder 
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www.sciencemag.org SCIENCE VOL 300 27 JUNE 2003 landing site (Fig. 4) . Day-night temperature contrast reversals show a wide range of thermophysical properties in this region that correlate with morphologic units. The warmest nighttime temperatures are ϳ207 K, consistent with exposed rock. Both of the ϳ8-km-diameter craters in the image have hummocky and rayed ejecta, with the rays extending two to three crater diameters from the rim. The nighttime temperatures of these deposits (191 to 193 K) show that they consist of disaggregated material with an average particle size of Ն1 mm. The preservation of the fine-grained ejecta, including the details of individual rays, on top of the bedrock indicates that the processes that exposed the bedrock occurred before the ejecta emplacement and have not been active since the impact.
Nighttime IR images commonly show elevated temperatures on the slopes of canyons, craters, mesas, channels, and fissures ( fig. S3 ). Slopes are typically 5 to 15 K warmer than the surroundings, independent of slope azimuth, and occur on the walls of closed and open depressions (SOM Text). There is no evidence of endogenic heat, even in isolated cases such as the relatively young volcanic fissures in South Elysium (15) . We conclude that the higher slope temperatures are due to a concentration of coarse (warm) material on slopes relative to the surrounding flat-lying surfaces. Concentrations of 10 to 35% rocks (12, 16) are required to produce the observed slope temperatures.
The presence of rocky material on martian slopes indicates that the production or exposure rate of blocks or in situ rock layers on slopes is greater than the rate of burial and/or weathering and erosion. Currently the most prevalent form of burial on Mars is fallout of airborne dust. Several factors may reduce the amount of burial on slopes: Dust may be removed in occasional catastrophic dust flows (17) or downslope movement of rocks; Air turbulence over blocky material may prevent dust from settling; or, once settled, Turbulence may enhance the remobilization of dust during periods of higher wind. Together these processes prevent net dust accumulation to a thickness greater than the size of the blocky materials [Ͼϳ30 cm (16) ].
Rocks are also detected in THEMIS temperature images around numerous impact craters. Ejecta often have distinctive concentric temperature patterns and generally are relatively cool in daytime IR and warm in nighttime IR images ( fig. S4 ). Coarse-grained ejecta are observed around craters varying in size from the limit of detection (ϳ0.5 km diameter) to craters tens of kilometers in diameter. Observed patterns range from rays of blocky material radiating outward up to 8 to 10 crater diameters from the crater rim, (fig. S4 , A to C) to halos of coarse material extending 1 to 2 crater diameters ( fig. S4 , D to F). In some cases (Fig. S4, A and C) there is an outer annulus of material that is finer grained than the surrounding surface, which transitions to coarser material close to the crater rim. Flowejecta craters (18, 19) can exhibit several distinct thermal inertia boundaries between different lobes, suggesting differences in the processes of ejecta emplacement or modification ( fig. S4, D  to F) . Within a given region, not all craters of similar size or degree of degradation have thermally distinct ejecta ( fig. S4, A, C, and F) , nor is there a clear dependence of ejecta thermal pattern on crater size. These variations in the character of ejecta surfaces of similar-sized craters over short (kilometer-scale) distances may be due to differences in crater age (20) .
Massive landslides have dropped ϳ7.5 km off of the northern wall of western Melas Chasma in Valles Marineris (ϳ8°S; ϳ282°E), exposing a layer several hundred meters thick ϳ0.5 km below the canyon rim that is warm (blocky) in nighttime IR images. The landslide deposits have temperature variations of 10 to 12 K that delineate differences in the physical properties of individual longitudinal and transverse ridges and grooves spaced 0.5 to 1 km apart that formed during the landslide process. The temperature varies in the groove or ridge surfaces from ϳ186 to ϳ198 K, which represents a factor of three to five difference in 
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Mobile surface materials: sand and dust. Nighttime images of large dune fields can resolve individual dunes, revealing particle size differences between the dune and interdune surfaces and between the dune fields and the surrounding terrain (Fig. 5) . Dunes in Russell crater (Fig. 5) are coarsergrained (warmer at night) than the interdune surfaces, possibly due to the accumulation of airfall dust in interdune regions where active sand motion may be limited. Conversely, the dunes in Kaiser crater are generally finer-grained than their surroundings, which include localized regions of bedrock, suggesting accumulation of sand on top of a rocky substrate. The thermal inertia of dunes in both regions is 500 to 600. If these dunes are composed of unconsolidated sand, they have average grain sizes of several millimeters or greater; alternatively, they may be finer-grained, inactive sand that has been slightly indurated.
Previous low-resolution (3 to 5 km) infrared mapping of Mars has shown extensive dust mantles from 1 to 3 m thick centered on the Tharsis volcanic province and the ancient cratered terrain in Arabia Terra (6-8, 21, 22) . Nighttime IR images show that these dust mantles are continuous at 100-m spatial scales, with no evidence of rocky ridges or rubble-covered flow boundaries protruding through the dust over thousands of square kilometers of lava flow fields. Nighttime temperatures on the flanks of the Olympus Mons volcano are near 155 K, corresponding to a thermal inertia Ͻ150 (average particle size Ͻϳ40 m), and vary by less than 2 K over thousands of square kilometers. The homogeneity of this mantle at 100-m spatial scales indicates that dust settles uniformly from the atmosphere and has not been disturbed and redistributed by the wind to expose rocky prominences and flow fronts, resulting in a thin dust blanket uniformly draping the landscape.
Compositional variations. TES hyperspectral data have been used to map the mineralogy of martian surface materials at 5-km spatial scales (10, (23) (24) (25) , but cannot resolve individual units at scales appropriate to specific formation processes, e.g., lava flows and sedimentary layers. THEMIS multispectral infrared images have a factor of 1500 improvement in areal resolution over TES, producing compositional maps at the scales of individual lithologic units. THEMIS data have identified a spectrally distinct unit that crops out as east-west trending bands in the lower walls of the Ganges Chasma outlet canyon (Fig. 6 ). This unit occurs within 50 m of the same elevation on both sides of the canyon and is exposed on a bench surrounding a low knob on the canyon floor. The outcrop pattern indicates that this unit is a layer within the canyon wall sequence, rather 
www.sciencemag.org SCIENCE VOL 300 27 JUNE 2003 than a surficial deposit. The nighttime temperature (204 K; I ϭ 700) is ϳ10 K higher than the surrounding material, indicating that this layer is blockier than its surroundings. The composition of the Ganges floor material is determined from TES data to be basaltic. The difference in composition between the wall layer and floor material was determined using a ratio of TES spectra of the floor and wall unit ( fig. S5) (26 ) to be olivine with an Mg/(MgϩFe) ratio of 68 (Fo 68 ) at an abundance of 10 to 15%. This example illustrates how THEMIS and TES data will be combined to determine the composition of small-scale units, in this case less than one TES pixel (3 km by 5 km) in size, and place them in their geologic context. This layer of olivine-rich basalt is 50 to 100 m thick, occurs beneath 4.5 km of overlying rocks, and extends over an area at least 30 km by 100 km in size. It was most likely emplaced as an olivine-enriched lava flow, followed by 4.5 km of overlying units; injected as sill; or formed as a cumulate layer in layered intrusive body. Alternatively, it could be a sedimentary layer in which olivine was enriched during transport or deposition. This layer was once buried to a depth of at least 4.5 km. The preservation of olivine, which is unstable in aqueous conditions, indicates that (i) significant subsurface weathering did not occur in this region, despite the potential for liquid water to be present and stable at the temperatures expected at these depths, and (ii) significant surface weathering has not occurred since this layer was exposed.
Polar observations. THEMIS has thus far observed the formation of the seasonal cap in the south and the recession of the seasonal cap in the north (Ls 330°to 80°) (27) . There are temperature patterns in the north polar night that have no corresponding visual or thermal features that can be seen after the sun rises in the spring. In places, during times of low sun angles, temperature patterns similar to thin-layer convection cells with lateral scales of 4 to 20 km are seen; these temperatures are too warm for solid CO 2 and indicate H 2 O condensation at 160 to 180 K, corresponding to water vapor mixing ratios of order 10 Ϫ5 . As the seasonal CO 2 cap recedes in northern spring, visibly bright outliers are left behind that last for days to months. Although the persistent outliers are known to be H 2 O, THEMIS can readily distinguish between CO 2 and H 2 O frosts to subkilometer scale by temperature, a distinction that has not been possible from visible images. The distribution of small temporal H 2 O frost patches is irregular; some bright patches recur annually and some are sporadic (based on previous imaging data). Because the dominant process in the polar night is buffering of low temperatures by CO 2 condensation, winter H 2 O accumulation is expected to be quite uniform over longitude and slowly varying with latitude (SOM Text). Thus, the source of these seasonal water frost patches must be local, near the surface, and active on an annual basis.
Morphology and visible color. The visible imager has obtained information on the color properties of the surface and of atmospheric aerosols at the highest spatial resolution yet obtained from Mars orbit (SOM Text). An approximately true color visible image of the relatively bright enigmatic feature known as "White Rock" in Pollack crater (8°S, 25°E) (Fig. 7) indicates that White Rock is actually quite red, consistent with previous lowerresolution Viking color imaging of this feature (28) . Indeed, the actual color and reflectivity of White Rock is comparable to that of typical bright dusty regions on Mars, suggesting that it is either mantled by thin ferric-rich aeolian dust deposits or consists of weathered or coated ferric materials. The overall rugged morphology and cliff-forming nature of the feature suggest a competent, possibly indurated, substrate or deposit, yet there is also clear evidence that some material has been eroded from this feature (29) . These observations, combined with knowledge of the color of this feature, may indicate that White Rock is an indurated and weathered sedimentary deposit, perhaps deriving some of its resistance to erosion from cementation by fine-grained ferric oxides. Similar "white" and apparently indurated material was seen at the Mars Pathfinder landing site (30, 31) and was found to be compositionally similar to the surrounding bright drift deposits.
Hydrothermal activity. A major goal of the THEMIS investigation has been the search for evidence of recent geothermal activity. Thermal variations are large, complex, and widespread, complicating simple, algorithmic approaches for detecting anomalous hot or cold regions. In addition, some surfaces where geothermal or hydrothermal activity might be expected, such as in relatively young volcanic fissures or exposed layers in cliff walls, are places where high rock abundances produce the most significant temperature anomalies. To date, however, no temperatures have been identified that cannot be attributed to thermophysical properties (e.g., bedrock or dust exposures) alone. 
